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ABSTRACT

We are investigating the conditions under which en-
hanced scattering of far-infrared laser radiation (A = 337y)
can be obtained from theta-pinch plasmas. The enhanced
scattering cross section results from large electron den-
sity fluctuations gznerated by nonthermal electrons in the
plasma. The scattering cross section is derived from
kinetic theory using ''rigid rotor' distributions to model
the specific theta-pinch plasma and the conditions under
which it can become greatly enhanced are examined.

Three types of bremsstrahlung — free-free, magnetic wave-
wave, and nonmagnetic wave-wave — are discussed and the
power produced by each kind computed and compared to the
scattered power. For typical HCN laser power densities

of the order of 10 watts/cm2, the bremsstrahlung considera-
bly exceeds the scattered power in both the wideband (over
all frequencies) and narrowband receiver cases. Additional
calculations indicate that an experiment with the more power-
ful CO2 laser (\ = 10, 6) would be more likely to succeed.
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1. INTRODUCTION

The Plasma Dynamics Group (CPR) is using far-
infrared lasers (337y to 119y) as tools for plasma diagnos-
tic work, One experiment currently under consideration
is the scattering of laser-produced 337y radiation from a
theta-pinch plasma. Because of the background noise
level :nvolved (bremsstrahlung, etc.) in laser scattering
from such theta-pinch plasmas, it is necessary to obtain
considerable enhancement over the thermal scattering
cross section, This report will examine some conditions
under which we expect to obtain this enhancement,

We are considering the incoherent scattering of
electromagnetic radiation from electron density fluctua-
tions as in Refs, 1 and 2. The enhanced scattering cross
section depends on the existence of enhanced levels of
electron density fluctuations that in turn can be produced
only by a plasma with a nonthermal electron component.

The incoming radiation interacts with the electron
density fluctuations and is absorbed by the plasma., The
oscillating electrons generating the density fluctuations
then reradiate the scattered radiation. When the propa-
gating oscillations or plasma waves (that are induced by
the beating between the incoming and outgoing frequencies
and wavenumbers) have the same direction and phase ve-
locity as those generated by the nonthermal density fluc-
tuations, then resonance occurs and a substantial enhance-
ment of the scattering cross section is obtained.

In a thermal plasma the ion and electron distribu-
tion functions, £, are Maxwellian, If we arbitrarily pick
out a single electron traveling at some velocity, Vo then
this electron generates a Cerenkov wake or train of longi-
tudinal plasma oscillations behind it with phase velocities
w/k between 0 and Voe Ina thermal plasma (3f/3v < 0)
there are always more particles with velocities just less
than some given velocity than there are particles with

-1 -
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velocities just greater than this given arbitrary velocity.
Thus an electrostatic wave propagating through the plasma
with this phase velocity will gain some energy from the
slightly faster particles but will lost more energy to the
more numerous slower particles. In short, the wave will
be damped with the magnitude of the damping proportional
to 3f/3v. This is one usual way of explaining Landau damp-
ing (see, for example, Moutgomery and Tidman, Appendix
B (Ref. 3). Thus, the longitudinal plasma oscillations
generated by our test electron will be absorbed by the
Maxwellian plasma. In this way, a balance is struck be-
tween emitted and absorbed longitudinal plasma oscilla-
tions that determines the low amplitude level of the thermal
electron density fluctuations.

In a nonthermal plasma, however, we can have a
region in velocity space where 3f/3v is almost zero (see
Fig. 1). This can be caused, for example, by having a
number of high-speed electrons drift through the back-
ground plasma (if V, is the thermal speed of the back-
ground electrons, Ve2 = KT/me, then V4 > several Vg,
where Vj is the drift velocity of the high-speed electrons).
The high-spced electrons generate (as before) their elec-
trostatic Cerenkov plasma oscillations. Now, however,
there is the critical difference that very little absorption
take place for those cscillations having phase velocities
within the 3f/d3v ~ 0 region of velocity space. The peak
electrostatic field amplitudes become quite large and
hence the amplitudes of the corresponding electron density
fluctuations become much larger than for the thermal
case,

Under these conditions, therefore, the scattering
cross section becomes greatly enhanced. In a similar way,
we will see later that certain types of bremsstrahiung in-
volving collisions between traveling plasma oscillations or
waves will also be greatly enhanced over thermal values.
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27 2. THEORY

We are considering the standard situation (Refs. 1
and 3) in which an incident plane wave of frequency Q, is
scattered by the plasma through some angle and the scat-
tered radiation emerges at the frequency w. The differen-
tial cross section o (per unit frequency interval and per
unit solid angle) is given as:

» -
3

Gemncy

€

c@=r’s®-2%, w-qa) (1)

o c

{ymeenad

where S is the spectral density, w is (w - Qo)/Q,, and
ro = the classical electron radius — is e2/mc2. K is the
wave vector of the incoming radiation and N is the unit
vector in the direction of the scattered radiation, We will
see later that the frequency condition for enhancement is

that |w - Q] ~ wp Where w, is the plasma frequency

(wp2 = 47€2n/mg). In the case where Q. >> w,,_then
|w - Qol << 0, and we can write k = K - (w/chz

K - (Qo/c)ﬁ.

'oh‘?—‘

P P

The dominant term in S is ihat for the electrons,
where S is given, for example, by Eq. (16) of Rosenbluth
and Rostoker (Ref. 1). It is convenient to use the notation
of Tidman and Dupree (Ref. 4) and we find that:

."‘3—_-

-

2Re(Ue)
S (F.q)=—
ne IDl

T

2 |1 - L

where the argiments on the right-hand side of Eq. (2)
are (k, iw).

If we use a "weak" field expansion (Ref. 5) where

2 2 _ . . . N
Qa <wp Qg = e|BO| /mac, o indicates ions or electrons),

Preceding page blank  _ 5 .
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then in lowest order Ua and L, can be defined as in the
zero magnetic field case. The roots of the dispersion rela-
tion, Re(D) = 0, however, are changed somewhat by the in-
clusion of the field. '

With this in mind, tne quantities in Eq. (2) are de-
fined as follows:

U (k, S)z‘r dv S (3)
a R4 -
) (s + ik - v)
L of
2 k- -2
w,©® -7 :
La(E, S)z-—az—"f dv —— Re(s) > © (4)
kK“ "o (s+ik- V)
with
D(k,s)=1-2 L_(K,s) (5)
a w
Thus, in.lowest order we find (Ref. 5) that:
2
. mua . o
Im D(k, iw)zz —-—2— F '(‘ k, w/k), (6)
o
o k
Re UK, iw)~ = F (- K, w/k), (7)
kK & ,
and
2. 27
o w? [ 2 2.2 2 2 Sk
Re DX, iw)~1 - "PT w” + 3 (V) KV) + — (8)
w ko 4

(Only the electron contribution 1s included in Eq. (8) since
m, >>m . )

As usual, the reduced distributions, F , are
. a
defined by:




vy ; >Vl TS AL ES TR Y2l X
3 3 YRR RITT AT FCOTTARGRINT OO M TR ASLITIIRAY f’;‘m
EA L 0 i P TR I R TR S e MR e A Iy

-

L

7

e  freead  Deeeed e

oy Ryuovrad) B [ ] ooy

THE JOHNE HOPXINS UMIVERS TY

APPLIED PHYSICS LASORATORY
Scvim Sewas Mamviand

F (5u)=[" v (¥)6u-—) (9)
o N 0 4 £

Vf {Z‘JLZ
@ - -—
f' dv fe (v) = (10)

- v-? \ V%

We shall consider frequs:ncies near (., and k < kp.
Then the spectral density vecomes (similarly to Ref. 5):

and

. 2Re(Ue)
S k, 2= W xr—— j .
ee( @w a,p) |D|2 2Re(be)
2
2 2.2 2
w IRY 3w -1
e . 2.2 2.2 2
1-—5 - B2 sins - —R (VI KV + [Im(D)] . an
w w w
where 8, is the angle between k rnd ﬁo' This can be
written (Ref, 4) as:
2 —
. 2(mw /4k) Fe(- k, w/k)
S oK) ~ P (11a)

(w % )2 +y 2
w wo y]d
where YL is the Landau damping decrement,
3 2 v
= - = (w /2 12
vy = (e J2) P (- K, w/k) = (w [2) Im(D) , (12)

and W, 13 the solution of Re(D) = 0, i.e.,

1

2 2 2 2 2212
w &~ jw +chm 60+3(kJ2_V_L+k”V“)

, (13)
o

el
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and we have written 0 , = |Qe|. Thus Sge has a resonance
or Lorentzian line shape.

If we wish to consider just the scattering cross sec-
tion per unit solid angle g, we integrate out the frequency
dependence, i.e.,

=

—. dus
Iy =_!‘ C(w)z—r’ . (14)

When S, is integrated to obtiin 0,, we can represent the
resonance as a delta function (Refs. 4 and 5). That is, we
consider the regime where y; is very small but not exactly

zero (y, = 0 indicates the onset of instability). Thus we
negie~t the effects due to finite resonance breadth y;, to ob-
tain:

-

- LETN Fe(- k, w/k)
See (|l =~ @ k<kD)z 5 — [6(w-w0)+6(w+wo)] (15)
; @, lFe(~ k, w/k)|

where the prime denotes differentiation with resrect to the
second variable, /k. We will get enhancement only when
the arguments of Sge are as indicated in Eq. (15). Thus,
from Eq. (1) we require |w - QO| ~ wp, and our final expres-
sion for S is:

S'ee(K-T N,|w-00|z

Q (w-Q )

mhkuw Fe(?o- N -K, k O-)
=2 o @) [Blw-Q, - w )+ (w-Q_ +w )] (16)

o Ir(2 7R
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i Using Egs. (16) and (1) in Eq. {14) gives us-
Q @ Q w
: o 2| e (Zon g o) [ -=o5, 2|
~“"o F N-K k Fo K c 7k
- t7 w 2 Q « Q @w
p oz = O : o= O
. 'Fe'(Tl - K, “k—)‘ 'Fe'(K'T"T)|

In the second term of Eq. (17) we have used the symmetry
of Eq. (9), i.e., F_(k, u) = Fo(-k, -u).

Equation (17) clearly indicates that Fe' must become
very small to give significant enhancement. A thermal
or Maxwellian plasma will not yield the desirad result; a
nonthermal high-energy component of electrons is re-
quired. As we have been, the phyvsical mechanism is sim-
ply that the balaw.ce {present in a thermal plasma) between
er.ission and absorption of electrostatic oscillations is
disrupted by the presence of the high-speed electrons.
This lack of balance (i. e., enhanced emission coupled
with greatly reduced absorption) then leads to excitation
of large amplitude density fluctuations.

vo— gy oy y—ey emu— marnng F— P — g
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3. APPLICATION 1O THETA-PINCH Pi.ASMAS

ATESREK 1AL, 8 Y e

g

IVTRIPIEIN

The model we propose to use to approximate the
laboratory plasma is an infinitely lon~ theta-pi:ch plasma
with a two-component (the backgrouna plus the high-speed
electrons) rigid rotor distribution function. The use of
the rigid rotor distribution is well ¢ ‘tablished for theta-
pinch or cylindrically symmnictric plasmas confined by an
axial magnetic field (Refs. 6 to 14). Ir this model:

AR LA T BRI ATI S S I el
TSI
-
L

f=f[- (e-wSPe)/T] . (i8)

Here ¢ =zm(v °+v 2-:-\,-ZZ)+qa,

l (19)

and PG = mr (\r9+qA6/mc)_

l If the magnetic field is time-independent then the
energy ¢ of a charged particle is always a constant of
the motion. If this field is also cylindrically symmetric,

‘ then the canonical angular momentum Pgof a charged
particle is also a constant of the motion. Thus we con-

! struct cur solution to the Vlasov eouation in a magnetic
field from the constants of the motion. A convenien* spe-
cific function to use is the Maxwellian. To quote from

' Ref. 8: ""The term rigid rotor comes from the fact that
the mean velocity of the particles described by Eq. (21)
[our Egs. (18) and (20)] is entirely in the 6 direction

' and is proportional to v with proportionality constant
wg, as is the motion of a cylindrically symmetric rigid
body rotating about its azis with angular velocity wg. "

‘ The rigid rotation model has been applied to high Leta

theta-pinch plasmas n the collisional regime (Ref. 15)

and has also been discussed by Komarov and Fadeev (Ref.

16) for collisionless plasmas. Finally, we note that (Ref.

11); "If one considers the Bolizmann equation with a

Fokker Planck collision term, then the onlyv equilibrium

solution possible is one with rigid rotation.”

———a-
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The type of distiribution function we start with is
(zfter Morse (Rei. 8)):

r) s 1 2 2 2 )
f (V) — 3 exp /- v v  +{(v_-g.r) , (20)
e v, | zv]_?' [ roz 8 ]‘

where j is an index denoting the background or high-speed
electrons and

(21)

/ 2 2
207 TN 2{ 1
n(r) = n sech { R sech” 5 ,
o 2 2
r \ r
o o

where ry and r_are constanis; r, is the characteristic
dimension of the plasma; and if rl2 > 0, then ry is the
radius at which the maximum density occurs.

One case Morse (Ref. 3) discusses is that of a2
plasma with small net angular momentum where @ mg =
- w;m; and the electrons carry most of the diamagnetic
current. We shall use this case to describe our theta-
pinch plasma and we propose that

fez(l —ts)fe (Ve)+6 fe(VE) (22)

where § measures the fraction of high-speed electrons
(0< § << 1), V, is the thermal velocity of the background
electrons,and Vg 1s the thermal velocity of the high-speed
or energetic electrons. If we wrote Eq. (22) out in full
using Eq. (20), we would note that the high-speed elec-
trons drift through the background plasma in the 8 direc-
tion with a driit speed V4 given by wpr (where r is the
distance from the axis of symmetry) since wp > we-

We usec Egs. (20) and (22) in Ea. (9) to find tuzt

-12 -
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kwr 2
Fe (K, u) =__'____(1-6;)'n(r) exp |- 1 = (u - Bke ) ]
(21} Ve ?.Ve 3
(23)
2
6n(r) i 1 "‘6“':1?,r
'.'———%—— exp - > u - %
7 ; = :
{(27) ‘E Z\E

We insert Eq. (23) in Eq. (17), using fhe following
definitions:

2.2_2 2
l-&cp/k\ero s

- (2 KV
a -“01(2) !\\le »

(24)
(S, - %)
b=z r __£7 - ¥ . = . .r 1 , and
“g c \6 l{6 /a'o “g qe/“'o
d = we/wE s
to obtain a simplified expression for z;. Thus:
. 2
v \Y
6 ( e) . ‘ 2 ( e) 2 . 2])
1+ —t—}exn, -a — 11 -b)” - (1 - bd)
(1-8) \ v I Ve (
X0y = 3 )
& Ve\ ‘ 2 Ve 2 2 ) l
(1- bd)+——(—] (1-b)exp, -a" (——) (1 -b)" -(1-bd)”
(1-8) E’ ’ VE ‘
(25)
v ‘ v o2 I
1+h?—6)(-v—e-)exp -2’ K(V—e) (1-b)2-(1~bd)2]
. 2P |\ 1
(3} Ve ’ 2 Ve ’ 2 2 )
(l+bd)*m(v—) (1+b)exp \-a~ (T‘) (1+5) -(1+bd)
E E |
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From the s¥ymmetry of Eaq. (25) with respect io b,
clear that b could just as well be defined zs
wpt |(QOIC)'NB - KG"
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4. EXNHANCED SCATTERING RESONAXNCE

We now wish to examine the conditions under which
the right-hand side of Eq. (23) can become very large.
We first note that if § = 0, the purely thermal case, then
xoy = 2/(1 = b242). This will be our siandard of reference.
In the cases we will consider, 5 is never much greater
ther 1.0 2nd d is zlwayvs 0.1 or smailer; thas for ail
practiczl purposes, - ;= 2 in the thermal case.

1znd side of Eq. (25) can become very
f ihe denominziors becomes

very smsa h of ihe numeraiors becomes
very large. The iwo noir: s a2t which :his happens are
when ihe denominator vanishes 2nd when b equzls 1.
(These possibiliiies occr onlv with the first term where

b is u\‘cceCcd by a minus sign.) We wi H see izter that
while the spike procuced ‘anishing al.ominztor is
infinite in amplitude, ii 1 e::i-c—mel} narrow with respect
to b (see the Appendix). Tius, the total energy in the
fluciuations and ihe power rerc-iated is finite. This situa-
tion is similar to that described by Tidman and Dupree
(Rei. ¥, Section 3), where thev {ind that the spectral den-
sity S diverges. However, when one wavenumber, K,
first hecomes unstable, thev ‘ound: “'...an oninteresting
change in the bremsstrahlung — i. e., there is no spec-
tacular increase in the emission....  Thex determined
that the resonance musi be auite broad for a2 detectable
increase: " For enhanced emission we require that a
range of wavenumbers are bordering on instability — or at
least that a range of wavenumbers have an extremely
small Landau damping.” Hence, for all practical pur-
poses, ve consider Eq. (20) as used in Eq. (22) a stable
nonttermal distribution. Ap unstable distribution gen-
era*g gross instabilities cannot be handied within the
framework of our theory. Thus, exceedingly large am-
plhitudes 1n the density fluctuations inval.date the basic
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premise or. which the theory is based (Ref. 17), namely,
that the nonthermal fiuctuation level is considerably less
than the thermal fluctuation level divided by the plasma
discreteness parameter A (A-1 = n°1D3, where n, is the
average density and Ap is the Debye length).

A stapie rescnznce does occur for b = 1. If we con-
sider only those cases for which bd << 1 and a2>> 1, for
example, then we find that the dominant term in F-. (25)
can be written as:

] Ve 2
xW,x—— ——exp(a’).

5, (26)
t (1-6) E

Thus we see that for sufficiently large values of a
(and to a lesser degree of importance, § and Ve/VE), we
can get ordurs r° magnituae enhancement over the thermal
value of 2.

- 16 -
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5. DISCUSSION

Broadness of Scattering Resonance

As a starting point, we arbitrarily use the following
set of numbers: 6= 1075, V5 =10V, a =€, and d = 1072,
Ixactly ¢ ~e=onance (b = 1) the enhanceme~nt over thermal
is 2.1 x 168, 7his resonance is guite sharp in terms of
full width at half maximum. For example, a change in b
{(Ab) of + 0. 01% drops the enhancement factor to 5 x 109,
We should note, however, that the further decline in en-
hancement drops rapidly as | Ab| becomes larger (the
resonance line is essentially symmetric about b = 1, apart
from the aforementioned narrow spike). At Ab's «f 1%
and 20%, we still have enhancement factors of approxi-
mately 5 x 103 and 3 x 102, respectively. We also note
that since Wo is a very large frequency (~ 2 x 1012 Hz) we
still get enhancement factors of 5 x 102 or better over a
bandwidth of 200 MHz on each side of the resonance,

Sensitivity to Parameter Changes

The parameter, a, given in Eq. (24) is propcrtional
to the phase velocity of the plasma oscillation over the
thermal velocity of the background electrons. At reso-
nance (b = 1), and in the backscattering case where N and
K are in essentially the same direction along a chord a
distance R, from the axis and k = 2 Q,/c, then we have:

QR
- 2 oo
“s E C )

(27)

In this case, a2 = } (Vg/ V)2, where Vg (= wgR,)
1s the drift velocity of the high-speed electrons and V is
the thermal velocity of the backgrouund electrons.

If we look at Eq. (25), we see that it is a function
of four variables. These are: §, the fraction of high-

- 17 -
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speed electrons; Vg/V,, the ratio of the thermal velocities;
b, the resonance factor; and a, as discussed above. These
3 parameters were varied as follows:

'7, 10'6, 10'5, 1072

10

1. 6/(1-6)

R 2. V_/Vv 1, 3, 5, 6, 10
; E e

3. a

1, 2, 3, 4,5, 6

sty

4 b

1, 0.99995, 0.9999, 0.999¢,
0.9901, 0.9091

s

To summarize the results, in all cases sturied, signifi-
cant enhancement occurred only when a = 5 or 6. At most,
a = 4 led to enhancements of about 90. Not surprisingly,
the erhancement factors were more or less proportional

A to & with the largest value for 6/(1-6) = 10-4. A small

i value of Vg increased the magnitude of the resonance but
3 sharpened it considerably. Thus, fora =6, Vi/Vg =1

3 gave a b = { resonance 10 times larger than Vp/V, = 10,
At Db = 0.999 (off resonance), however, the Vg Ve = 10

; case yielded 100 times the enhancement. We find, there-
fore, that the enhancement is not particularly sensitive

3 to 8§ or Vg/V, although large values of both are desirable.
In all situations studied, the "wings' of the enhancement
profile are quite wide and flat; here the magnitude out in
the wings is affected by the Vi/V,, ratio as noted above.

R T

T,

The critical factor then is a., We will not get sig-
nificant enhancement (> 100) unless we have a > 4,

I
ey sty

Some Practical Considerations

R S B T P

The natural frequency of the plasma w, (given by
Eq. (13)) is not very different from the plasma frequency
w.. which is a function of the density. Thus, if resonance
cgnditions are met at a particular point in the plasma,
then the density variation away from this point may "de-
tune'' the resonance,

T
Reeackal:

T

%
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If the radiatiou enters the plasma along a chord
(the backscattering case) located a distance R from the
axis, then we can calculate the distance of any point along

: i the cherd to the axis (see Fig. 2).
The distance of the point to the axis, Py is given by:
] 2 2 2 2% z

pl = po + s 2s (p0 - Ro ) s (28)

where Po is the radius of the plasma, and s is the dis-
tance along the chord from the surface (Fig. 2). Thus Py
ranges from a maximum of p to a minimum of R,. If

R, is large fraction of p,, the variation of p; can be quite
slow. In addition, we will vary slightly slower than/n so
that the variation of w along a large RO chord need not be
too fast. It might also be possible to have a geometrical
arrangem<nt such that rqy decreases in about the same
proportion as wo decreases (Eq. (24)).

Forward scattering (i.e., angle between source and
receiver > 90°) appears to impose undue restrictions on the
resonance condition by making dg quite small. For example,

.. in the worst case when the receiver is, in a direct line with
the laser, V4 needs to be of the order of c. We do not be-
lieve that this occurs in the plasma in the first place, and

.. in the second place, our treatment has been strictly non-
relativistic. As the receiver is swung around the plasma
towards the backscattering region, S increases, thereby

. relaxing the restr.ction that V4 = ¢ and making the reso-
nance condition more achievable.

- One geometry that gives poor results is equal-
angle scattering. That is, the source and receiver are
located at equal angles from the vertical reference line,
with the point of intersection on the vertical line (see Fir.
3). This geometry gives ¢ssentially the same result as
the worst case cited above (V4 c) and hence no enhance-
ment.
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PLASMA

Fig. 2 CHORD GEOMETRY SHOWING DISTANCE FrROM AXIS p1
AS A FUNCTION OF DISTANCE ALONG THE CHORD s
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A geomeiry that seems promis:ng is shown in Fig.

4. This might b2 called (case B) e-ual-angle scattering
about a chord (i.e., a line that dces ot intersect the axis
oi the plasma). In Fig. 3 geometry, the theta-components
of the incident and scattered radiation wave vectors almost
cancel; in Fig. 4 geometry (case B), the vectors add. We
note that the theta components for cases A and C are much
smaller. Thus, tne Fig. 4 geometry has the advantage that

decreases as r increases, thereby enabling the reso-
nance candition to be maintainied in 2 larger volume of the
plasma.
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.- 6. BREMNSSTRAFLUNG

Bremsstrahlung (or braking radization) is the elec-
tromagnetic radiation emitted whenever z charged particle
is accelerated. Because of its smzll mass, tke eleciron
is nezarly a2lways the particle undr:r consideration.

When an electron emits a2 photon in an electron-ion
collision ard the hezvy ion absorbs the momentum, the
electron must decrease its energy (Spiizer, Rei. 18). If
the electron remazins free, such iransitions zre czalled
free-free. The vsuzl formula for free-free bremssirzhlung
{Ref. 18 znd Glasstone and Lovberg, Ref. 1%) is obtained
by summing the coniribution due to single elecirons by giv-
ing the electrons a Maxwellizn distribution of velocities.

If we wish t> consider “clumps" of electrons in 2
plasma interacting in a coherent or cooperative way with
clumps of ions or other clumps of elecircens, then we ob-
tain wave-wave bremsstrahlung. Some authors (e.g.,
Ref. 20) refer to this radiation a5 anomalcus bremsstrah-
lung. Wave-wave bremsstrahlung is produced by colli-
sions between two plasm: waves or traveling oscillations.
A ~ollision between an electron plasma oscillation (EPO)
and an ion plasma osciilation (IPO) will produce brems-
strahlung at essentially the electron plasma f{requency
(the ion plasma freguency is down by a factor of about 43).
Similarly, collisions between two EPQO's will produce
bremsstrahlung at twice the electron plasma frequency
(see, for example, Refs. 4 and 5).

One problem that arises in these scattering experi-
ments then :s the noise due to bremsstrahlurg. A con-
siderable enhancement in the scattering cross section is
needed to handle the noise due to the free-free thermal
bremsstrahlung. Nonthermal or anomalous bresmstrah-
lung 1s also troublesome since the same basic mechanism

Preceding page biank  _ . _
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(colliding pizsma oscillations) creafes both the eniznced
electror density fluctuziions leading fo the enhenced scaf-
tering crosc section 2nd the nonthermszl bresmstrahliung.

iV IBI AN TR 2.

The work by Chin-Fzti and Griem (Ref. 20) on non-
thermal bremssirahlung from thetz-pinch plasmas is pat
one reference supporting the theory of Tidman and Dupree
(Ref. £) that colliding longitudinzl plasmz waves generate
electromzagnetic radiztion. Having calculaied that 2 slab

RAERY

APTACHTR R 7

of thermal helium plasmz 5 cm thick, with ng = n; =
: 5 x 1014 ecm-3 and Te = 50 €V, emits less than !0 -6
F W em™2 srolfem-? C'\m Faii and Griem (Rei. 20) find

tnat their m.easured pezk intensities are zboui {hree orders
of magnitude larger. In their case, iren, the anomzlous
or collective bremssirzhlung is dominani over the iree-
free. The inference is strong thai the theta-pinch plasma
used in Rei. 20 would also hzave an enhanced scattering
cross section; it cerizinly has Zome nonihermal electrons.

SO iur A

: In Rei. 20 there is a statement that "...even a
: thermal plasma has a spectrum of plasma waves in the
approximate irequency range ¢ Sws 1. £ ¢ ..." This

implies that 2 nonthermal plasma may have an even
broader spectrum. In any case, the figures for the funda-
4 mental and first harmonic with a central density of 1016
=m™3 indicate 2 range of 119 to 334y for this enhanced

3 radiation. Thus, if ve are considering plasma pufis of
perhaps 2 x 1016 cm~3 central density or more, with
lower densities away from the core, this rather critical

3 wavelength range of 111 to 257y is quite thoroughly
blanketed.

The ideal situation, of course, would be to have
the incident frequency Q >several .. Then the scattered
radiation would be clearly distinguishable from the collec-
tive bremsstrahlung and the enhancement in the scattering
£ cross section would Le needed only to increase the signal
over the therm: | bremsstrahlung noise. Unfortunately,
3 experimental limitations may completely preclude this
1 simple theoretical suggestion. Thus, we must investigate

- 26 -
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l these twe simuliznecus manifestations {enfmnced sczi-
tering and anomalous bremsstrahliung) of the piasma’s
l nonthermz) nefere and consider sifuziions where 1, is
_@_o_t grezter then severzl @y

For 2 given level of electron densify flucfuations,
there will be a2 given amount of bremssirahlung power
emifted and z given scatiering cross section. Om ihe
other hznd, the scatiered power will zlways be linearsly
proportionzl to {he incident power {we are only consider-
ing those cases where the low-power lzser does notf per-
turb the plasmaz) with the consiant of proporiionzliiy de-
termined by the plasma characieristics. Clearly, for

- ary given plasmz, 1here will be some minimum incident
laser power required for the scatiered signzl {o be grezier
than the bremssirahlung znd we will determine thig thresh-
old. (Ii is zlwayvs possibie, of course, that some kind of
sophisticated processing or coding could be emploved (us-
ing laser modulation, perhaps) {o enable z signzl-io-noise
- ratio of less than 1 to be used, bui it is nof very likely.
The transient naiure of the plasmz puifl and the normally
pulsed operzation of the inirzred lzaser would zppezr to
make this rather diificult. There is the possibility, how-
ever, that the technique of narrow-banding the detector
would help to pull the scattered signzl up above the noise.
In this regard, see Section 7.)
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Free-Free Bremsstrahiung

The expression for iree-iree bremsstrahlung is
given in many references. Two of these are Spitzer (Ref.
18) and Glasstone and Lovberg (Ref. 19). From Ref. 19
we have:

31

- 9
P, =5.35x10 n T
br

AN

(watts/cm3) , (29)

where T is in keV,

We are interested in directly comparing the brems-
strahlung emission with the scattered signal. We will,
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therefore, consider the bremsstrailung emifted from the
illpminztfed volume cf the plasma und«r the same condi-
tions that lead fo the enhznced scattered resomance. If
is gom'eniem to replace n? with 2 term proportional to
ey, - Under our weak maegnetic field assumpiion

(ﬂcz = :;:32), we have:

In the backscatiering case, k = 2} /c z2nd Eq. (27) applies
(2, = 2cpfloR 0I ¢). Combining 211 these relationships, we
find th=i:

waz?.(}::—e)ﬂ (a2 - 32, (31)

where A = le Ve- Thus, we can write our final free -free
bremsstrahlung expression as:

P =3.233x10 0032 _3)%2  (watts/em>), (32)

where we have?t.a!-:en T =35eV(Velc=1.2x 10-2) and
Q,=56x1012 4z

M.agnetic Wave-Wave Bremsstrahlung

We reformuiate and modify some of the work of
Tidman, Birmingham, and Stainer (Ref. 3) to obtain the
bremsstrahlung power emitted — at or near the plasma
frequency — per unit solid angle (dQ2), per unit volume,
and per unit frequency. Thus, we can write:

- 28 -
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(g 2, 2) L2 !
4 - 5 = 2
1-%;-,—9——99'@-—27(:05 & (33)
k™ k™ ‘
F_(&, «lx) F_(-E w/%)
e e
. = 6 - Cx:o) .
~ P (&, wix)] |F_(-% /%)
- e e
L
& 2
where w ? = 2 +352¢ 2 5@ 2 (5,2 + 5;2)/%% and ¢ is
- the angle between the magnetic field vecior 2nd the direc-
- tion of the emitied radiation. (We note :hat for ithe mag-
netic calculztion we include ine ch term in . )
- Ve periorm tre integration over ¢ to get:
) 2 2 dk dk_d 3
- dl ¢ wp r 8 !\z 2 2 _ . 2
M3, IS TR % ¥, Te B cosy
- Be™(2m)” kek ' P
) 2 2 2
(k +k ) k )
. 1 r ) .2 z 2
1 - 5—2— sin ¢ - -5 cos (34)
: l k K>
F (K, w lk) F (-E, @ /k)
e o e 0

"R (% . k)
IFe(k, a,o/k)l IF, (%, w k)]
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Eguation (32) can be simplified by nofing thai the square
Hracket goes through a resonznce and hence can be zpproxi-
maied by an approprizie deliz function. Thus, we bhave:

- - .3 2
F xolg) ) F_E goik) 5 e Ve el (kaxgr)
P G o o) [P (E o | O EEET Ve L2 Y
e » -to € » Zy =~
(35)
e
Y2 &V Y2 ey
€ €
and we can periorrm .he iniegration over k5. The result
is, e is considered independeni of ke in the argument
of the deliz function,
i 2 2ev i)t kek_dk_ L, 2
st _ 2 £ - - 'lw"'w":a:f; cosc)
e i 3 3 (,,.):: (1-8) v ek “ + O o :
[ <7 E.C-- 2p
2
2_ 2, 2 2] L 2 2 (261
© - gt r o
1(':- o 'Fp ] _ 2 z Z 11 %
[]--‘; 3 3in c-—zccs L] exp[z W’)
= L k e
2 2 2 2 2)) %
where k= |k " +k "+ Ne. T and
r z o E !
2 2..2 2 2 2 2.2
s Tz T+ 3kTV "(Q k)(k +w ; r).
w, Cw e / p Fe lep

Equation (36) gives the bremsrirahlung power per unit
volume emitted into a unit solid angle (ergs/s cm*” sr).

We will consider tiie backscattering ca<« and assign
the following values:
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-2 =
Velc 1.2x 10 (Tez 35 eV)

2

1
Q =5.6x10 °Hz (A = 33T)

[§)

2 =35x10%H: (B = 2xG)
C [»]

and we look at right angles to the plasma cylinder (p = 90°).
Thus, Eq. (36) becomes (using P in place of dI/dQ):

4

;2 2 4
(2)Fe @, (5/(1-5)) v, fkdkr dkz( 0 2)5
~ w -
R w ° P

EwE o °

3 4
8c (2m) V

(37
2
exp [% (wo/kVe) ] .

We make use of the following set of relationships and defini-
tions in evaluating P:

k2 - kr?. + kzz + w02/wE2R02
woZ - wp?. + 3k2Vez '*'QCZ (- kzszz)
A= wERo/Ve
y = kr/kD
z = kz/kD
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(38)

2
1+ 3K2 + Bz (1 - 22/K2); and (39)

Q
n

2 2

4A2(V /c)ZQ
e (6]

2

We now have:

e* (s10-00) (Vo) ,® 422
25/2 3"4 VE A

P~ {nt. (40)

c

where the dimensionless integral 1s:

3F (3)F !

o F
Int = J dy f dz K(1-C 2) (1 + 22/K2) exp (C2/2K2) . (41)
o

This double integral is evaluated by a multiple integration
routine written for PL/I by C. V. Bitterli (Ref. 21).
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For our particular case, we find B = 0.1302 C/A
and the bremsstrahlung is given by:

TONR

-22 (a%-3)*/2

3 Int (watts/cm3 sr) . (42)

Pa5.895x 10

Nonmagnetic Wave-Wave Bremssirahlung

Our starting point is Eq. (43) from Tidman and
Dupree (Ref. 4). That is:

t

:

i 2w 2eR v kb o Folw /K

1 P K'dk —— P (43)
- c 0 lFe (w /%)

This equation was derived for isotropic distributions. We
will, however, replace kO by k to obtain an estimate of
the maximum amount of bremsstrahlung. As before, we
can approximate the F/|Fg'| term in Eq. (43) by an ap-
propriate delta function since it gces through a resonance.
Thus, we find in analogy to Eq. (35) and with k9 ~k, that
we can approximate as follows:

ot

we WSS $SUNNG NN Gy Ry TNy Sy AWM ey ey e ey
s
R

3 %
F (w_[k) \% , (2)°kV
e P o (16 - k- Ve exp (w 212 Ve..)_w__R_e_a(k-ko) , (44)
P (w [k “o 'E P E"o
e p
where k, = wp/wERO' Thus P becomes:
2 3 5
e wp(2/3) Ve (6/(1-6)) kD 9 9 9
. Pa 53 f k~ dk exp (w / 2k Ve ) 6(k-ko) .
E ! 7 ¢ V_ wR o) P

;,.; ETE o
(45)

¥
|
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We evaluate Eq. (45) to find:

2138 % 6160 )
P P A" exp (A7/2), (46)

where as before A = V4/Ve. Finally, making use of Eq.
(31) we have:

ok 2 5 5

32(2/3)° " (V_/c)” Q " (6/(1-6)) 27542352
2 3

T C

P = (A-3)

exp (A2/2) . (47)

Ve

Calculation of values (as given in Table 1) verifies
Tidman's statement (Ref. 22) that the magnetic field is
"of seconaary importance in computing the bremsstrahlung
at frequencies w ~ 0 (we) >> Q = eB/mec." Thus, we find
that, in our case, the magn~=tic wave- wave bremsstrahlung
is down (to within a factor of 10) by Q. /w (=2 x 1079
compared with the maximum nonmagnetic wave wave brems-
strahlung.

Table 1
Bremsstrahlung versus Scattered Power

(all values in watts/cm3 sr)

A P P P P
free-free mag nonmag s
8 | 9,71 x 107t | 2.56x107Y | 4,77 x RN T 107°
-3 - -
9 | 1.59 x 10 1.17x10°° | 8.91x10°° | 3.20x1072
-3 -1 ‘ 2 . 3
10 | 2.46 x10 1.28 x 10 3.29 x 10 1.16 x 10
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Comparison with Scattered Power

!W‘:v,, ‘

The scattered power (Pg) per unit solid angle and
per unit volume of illuminated plasma is:

SN ALY e A S S A g SN AR S GO R I o

LN L L L s e g 8 G AR 5 Ty 2 Beis 3 % 2% ALY 5
g " " Sy Lo
v R

0y

Ps = F0 n o, . (48)
where Fg is the incident power per unit area and o, is our
previously calculated cross section (per unit solid angle).
Since we are considering large values of A, we can use

Eq. (26) for 0,. Considering the backscattering case for
simplicity, we have:

e o
I I MR

2FO n Qoz r02 Ve3 6
P ~ exp (A%/2) (49)

S 2 .2
C -
VEwp (1-6)

Thus when we compare the four types of radiation
as functions of A in Table 1, we can see the power emitted
by the free-free bremsstrahlung (this is the conventional
usage of the word ''bremsstrahlung" ), the magnetic wave-
wave bremsstrahlung, the nonmagnetic wave-wave brems-
strahlung (Pponmag = L /4m), and the scattered power.

These are in watts/cm3 sr and the scattered power is cal-
culated assuming a typical F of 10 watts/cm?2,

We find that if A >8, then an F, of 10 watts /cm?
should be adequate. However, there are some other fac-
tors which would tend to require a larger F,. The brems-
strahlung is being generated in the bulk of the plasma,
whereas the scattered radiation is emitted only from the
small illuminated volume., Thus, & well collimated de-
tecting system is needed to eliminate most of this stray
bremsstrahlung. (On a considerably lower power level,
the illuminated volume of plasma is itself immersed in
bremsstrahlung from the surrcunding plasma and part of
this incident radiation would also be scattered into the
~eceiver, )
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Clearly, the real concern is the amount by which
the plasma is northermal, as evidenced by the magnitude
of A. 1In the case studied for the small illuminated volume,
if A is less than 8, then the free-free bremsstrahlung
will dominate since it does not decrease for @ > 2wp as do
the wave-wave varieties. '

If G, is too close to .., then the enhanced scatter-
ing will decrease and bremss?rahlung will again dominate.
in other words, the closer Q is to w}, the larger A
would have to be to generate a detectable scattered signal.
When Q, ~ Wy V4 would have to be about c/3 or greater
for resonance. (As mentioned in the discussion on forward
scattering, Vg is very unlikely to become this large and
our treatment is nonrelativistic. )
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7. FURTHER COMPUTER STUDIES

Additional computer studies were carried out to
give experimental workers more concrete informaticn.
Volume integrations were made along the path of the lzser
beam so that the total scattered power could be calculated.
This scattered power was then compared to that generated
by bremsstrahlung, also taken over the appropriate plasma
volume. Various operating parameters were varied to de-
termine their effect on the results. Finally, the scattered
power and bremsstrahlung were calculated as functions of
wavelength to determine if narrow-banding the receiver
would help to improve the signal-to-noise ratio.

B B

fromed

Volume Integrated Scattered Power

- The laser beam enters the plasma along a chord
located a Jlistance R, from the axis and is scattered into
the receiver {Fig. 3). For simplicity, we will consider
- the incident laser beam to have a square cross section 1
centimeter on each side. Thus, the volume integration
uses coordinates along the chord, perpendicular to the

- chord from Ry - 0.5 cm to Ry + 0.5 cm, and perpendicular
to the chord in the z direction. The plasma is taken as
uniform in the z direction (i.e., we are illuminating the

- center section), and the z coordinate contributes a simple
multiplicative factor (in this case unity).

The density profile across the plasma is given by

L Eq. (21). The incident laser beam is perpendicular to the
B, guide field and the receiver is ai.o located in the same
x-y plane perpendicular to the magnetic field. All the in-
ternal parameters in the computer program, such as
pli.sma density difference wave vector, K, and its theta
component, k,, are cast in terms of the two coordinates
(along the chord and perpendicular to the chord in the x-y
plane). The resultant volume double integral is then
evaluated by the aforementioned routine written by C. V.
Biuerli (Ref. 21).
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A sample or sypiczl run is given in Tables 2 and 3.
In Table 2, we list the stariing parameters of the com-
puter run. In Table 3, we list the results of varying most
of these parameiers one by one zas zll the other parameters
are kept at their inifial values. We note thaf the maxirum
scattered power obiained in this particular run is
3.01 x 10-5 waits/steradian.

In another typical run, the stariing parameters re-
erred {c in Table 2 became (in the same order)
x 1019cem-3, 1.6cm, 2.3cm, 3.1 cm, 1.2 cm,
% 1012 rad/s, 3.0 cm, 1.6 cm, 1.4 10! rad/s, 1079,
0.1, 0.01, 10 wattslcmg, 20 eV, and 10. The ma:imum
scattered power for variations in A, R,, and SP were zll
down by about z factor of i0; all in zali, there were no strik-
ing differences.

i)

[

1INV

Volume Integrated Free-Free Bremsstranlung

The bremsstrahlung entering the receiver comes.
of course, not just from the volume of plasma illuminated
by the laser beam, but from all the plasma subtended by
the receiver aperture (Fig. 6, shaded area). For sim-
plicity, this aperture is defined by the laser path length
in the plasma (see Figs. 5 and 6).

A computer calculaiion using the Table 2 parame-
ters yields a value for the free-free bremsstiahlung of
7.56 x 10-2 watts/sr. A similar run vith Rg changed from
2.2 cm to 1.0 cm results in a value of 4. 64 x 10”2 watts/sr.
As expected, bremsstrahlung output 1s very sensitive to the
plasma density. For example, changing the maximum den-
sity (ng) to 2 x 1019 ¢m-3 lcads to a result of 1. 62 watts/sr,
a significant increase. Thus, we see that in this case the
free-free bremsstrahlung is at least four orders of mag-
nitude stronger than the scattered signal. We note that
this is for a wideband receiver, i.c., we have integrated
over all frequencies.
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- Yolume Integrated Wave-Warve Bremsstrabhiung

. Our sizriing point is Eg. (£3) 2nd we use Eqg. (23)

- to determine the F_/ |Fe’| part of the integral in Eq. (£3).
Once again, we replace k_ by % to obizim an estimete of
the maximum bremstrah?umg. We find that the wave-weve

- bremssirzhlung per unif volume and per unit solid angle is:
X .
2 x ? “: ‘: (D (zﬂc

3%)

The multiple integration routine used earlier (Rei. 21)
gives us the resulis for the triple integrzal involved in sum-
ming across the plasma.

The re -t ior the 1zble 2 parameters is 6.03
watts /sr. We s\ ». wnerefore, that for this particular
plasma, the wave-wive bremsstrahlung dominates both
the iree-{ree bre.isstrahlung and especizlly, the scat-
tered signal.

Thus, the dominance of bremsstrahlung as indicated
above leads us to look at the frequency (or wavelength) de-
pendence to see if narrow-banding the receiver would help.

Free-Free Bremsstrahlung versus Wavelength

The free-free bremsstrahlung is very easy to
handle. A typical reference such as Glasstone and Lovberg
provided us with the necessary formula (Ref. 19, p 32).
Although the bremsstrahlung and scattered signal shali be
listed as functions of wavelength in microns for convenience,
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in units they are in watts/sr Hz. As expected, the brems-
strablung is essentizlly uniform from 10y to £47y a: 1. 01 x
10712 watts/sr Hz.

Scattered Poi-er versus Wavelengih

Tae sczttered signzl case is nwre involved. We
use some of our basic theory formulzs that do not involve
integrations over fregueicy. Reczliing Eq. (11), we have:

2 3 "\, 2 2 2 Q 2, 2 4
T = Y Fes . = - - 3 9
poop T e® %o Tem:) T I 2 gl
2 1 T4 2 T 1 e (% w/k)
w w w K k
The differential cross section per unit solid angle and per
unit frequency interval then becomes (for scattering per-
pendicular to the magnetic field direction):
r, 2 L oL wf
) Fe % MRS
IK-£X]
C
> 2 212 2 4 2
2 2 2
w 3%y w w_ T w A= - w8,
1- P - ep P C + p F {¥x-K
w0 ) w-a) S AL % -]
] (w-Q w-il c
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Severzl computer runs were made using Eq. (52)
and the bi-Maxwellian given before (Eqs. (20) and (22)).
The receiver position with respect to the source was varied
by changing the v and y coordinates (see Fig. 3). The
results, listed in Tuble 4, show that it is possible in prin-
ciple to achieve scattering signals above the free-free
bremsstrahlung for receiver wavelengths around 457y tor
- the 17 watts/cm?2 laser power density that we are using.
Thus narrow-banding the receiver does help to narrow the
gap between the scaitered signal and the free-free brems-
- strahlung. In general, we note that the backscattering
cases give stronger scattered signals. When the receiver
was moved fowards the forward scaitering position, the
- wavelength at -vhich the pezk signal was received tended
(in some cases) to be shorter.

Wave-Wave Bremsstirahlung versus Wavelength

The next step is to determine the magnitude and
- wavelength (really frequency) dependence of the wave-wave
bremsstrahlung. Once again we turn to Tidman and Dupree
(Ref. 4) and, using their Eas. (17), (13), (12), and (40),
- we find that:

3 ok

2 2 D - -
(w -w p) _(!' dk See(k,w) (53)

We use Eq. (51) for S, to obtain:

2 4 -

c @ g K

* dP 2 2 D dk
e p (e ) P

s 2 3 p

3n ¢ w

(54)
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where we are again considering radiation emitted perpen-
dicular to the magnetic field.

it

Equation (54) is our basic equation and the result of
using it in the computer calculation is, as expected, a mono-
tonic decrease in power from the longer to the shorter
wavelengths. Thus, at X = 527y (closest to a typical X _ of
1110) the output is 5. 85 x 10-14 watts/sr Hz, whereas at
X = 97u the output has decreased to 6. 34 x 10~21 watts/sr Hz.
At 457y, the wave-wave bremsstrahlung is 1.78 x 10-14, or
five orders of magnitude above the scattered signal. Thus
we see that narrow-banding the receiver does help with the
free-free bremsstrahlung which is frequency independent
in this regime. Narrow-banding does not help, however,
with the wave-wave bremsstrahlung, since the same
mechanism is at work generating both it and the enhanced
scattering cross section at all wavelengths. Approxi-
mately the same ratio then exists between the wideband
frequency-integrated (i.e., independent) scattered signal
and frequency-integrated wave-wave bremsstrahlung as
between their frequency-dependent counterparis.
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This leads us naturally into the next section, where
we shall consider lasers whose Q are much greater than

gy

wpo

5-& !

Results for CO2 and Ruby Lasers

Some runs were made using CO9 and ruby laser
wavelengths, 10. 6y and 0. 694y, respectively. The other
parameters were as given in Table 1, except RS (Receiver

* distance to Source) which was changed slightly from 0. 42
l cm to 0,40 cm. Some typical results were 1.50 x 10-20
watts/sr Hz at 10,4y and 1. 87 x 10720 at 10.8y. At cuby
laser wavelengths, we found 1.72 x 10-22 watts/ce Hz at
0. 69y and 9.12 x 10722 at 0, 5954,

B—i

7
-

Thus, the CO9 laser at 10. 6y provides a scattering
signal that is comparable to or slightly better than that
generated by the far-infrared 337, laser. The COg laser




L JOWNS HOPRIME UNTVERSITY
APPEITD PHYSICS LASORATCORY

SLeDw SPMRG MASToAND

Y TEATT ey,

moreover, can provide a power density many orders of
magnitude greater than the 10 watts/cm? typical of the
HCN laser. The CO, laser, therefore, would seem to be a

good candidate for use in an enhanced scattering experi-
ment.

G aRN b AT MEgs 21 ez e O LSS AR

A

The ruby laser is also a possibility but at a scat-
tering power level about 2 orders of magnitude less than
that for the CO, laser. Thus, for similar results, the
ruby laser must be about 100 times more powerful than the
corresponding COg laser.

Finally, we see that for the plasmas being con-
sidered, these lasers have the advants e that Q >>w,,.
This means that we do not have to wrrry about the anoma-
lous or wave-wave bremsstrahlung. For example, at
10. 4y the wave-wave bremsstrahlung is down to the neg-
ligible level of 1.6 x 10-49 watts/sr Hz.
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8. SUMMARY AND CONCLUSIONS

A I I RS, PN S R ATAISY

We have investigated the conditions under which en-
hanced scattering can be obtained from theta-pinch-type
plasmas.

PR
SoargEaae

We found that a necessary, but not always sufficient,
requirement for enhanced scattering is the presence of a
nonthermal electron component in the plasma. These non-
thermal electrons generate the high-amplitude electiron
density fluctuations that scatter the incoming radiation.

The electron density fluctuations are manifestations of the
high-energy plasma oscillations generated by the nonthermal
eiectrons. When the difference wave vector and beat fre-
quency between the incoming and outgoing radiation match
the wave vector and frequency of the plasma oscillations,
the scattering cross section is greatly enhanced (i.e.,
resonance cccurs),

s T T

The theory was applied to theta-pinch-type plasmas
via the rigid rotor mndel. It was found that resonance
occurs when the difference wave vector kg equals wo/Vd.

The broadness of the scattering resonance and its
sensitivity to various parameter changes were investigated.
It was found that the resonance was wide enough to give
substantial enhancement in the case studied. The ratio, A,
of the drift velocity of the nonthermal electrons to the
thermal velocity of the background is the critical parameter
in the analytic studies, since it appears in the argument of
exponential terms, For the case studied, it was found that
the ratio needed to be 7 or over for significant enhancement.

We found that the backscattering case (i.e., as small
an angle as is practical between source and receiver) was
the most promising. The resonance condition was most

- 49 -
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easily s.tisfied and, in geometries such as Fig. 4, a finite
volume of the plasma wor:1d remain in resonance.
-

The most troublesome aspect of any enhancec scat-
tering experiment is bremsstrahlung. For typical laser
power densities of 10 watts/cm and considering the unit
volume of illuminated plasma that is in resonance, we found
that the drift velocity ratio A must be greater than 8 for the
scattered power to be greater than the bremsstrahlung
(Table 1). For A s 8, the conventional or free-free brems-
strahlung dominates. For A a9 and greater, the major
contribution to the bremsstrahlung comes from the anoma-
lous or wave-wave variety.

PRER T NI RTES WS AU T OO TS Y P CaR T N AIVRTPTRIT AN AR

In the computer studies, we calculated the actual
scattered power and the two types of bremsstrahlung that
would reach the receiver under typical conditions. The
frequency integraied scattered power was found to be 4
orders of magnitude below the free-free bremsstrahlung

and 6 orders of magnitude below the wave-wave brems-
strahlung for the case studied.

Narrow-banding the receiver and looking at these
three quantities per frequency interval showed that the
scattered power could be made more or less comparable
to the free-free bremsstrahlung. In one special case
(Table 4), which would probably be very difficult (0 attain
experimentally, the scattered power was actually twice the
free-free bremsstrahlung. The wave-wave bremsstrahlung,
however, is still 5 orders of magnitude larger than the scat-
tered signal, '

Finally, we found that a CO, laser would be much
more suitable for use with a narrowband receiver. The
free-free bremsstrahlung is the same as before, the wave-
wave bremsstrahlung 1s negligible around 10, 6y, and the
scattering cross section is about the same as that for the
337y or HCN laser. Since the CO9 laser is much more
powerful than the [ICN laser, the prospects for a success-
ful scattering experiment would seem to be good with the
COg laser.
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Appendix A

RESOXANCE SPIKE

We wish to examine the condifions under which the
denominator of ihe :irst term on the right hend of Eq. (23)
czn vanish. As rvefore, we zre considering only {hose
czses where bd << 1 (the background plasmz hzs z very
smzll driff velocity). The physiczl limits of any con-
sidered experimeni are such {hat D is pear 1. In this
czse, we look for solutions of formb =1+ ¢where ¢

the £
is 2 very small number. We find thzi:

:
:
-4
4
£
;
%
:
s
8
5
G
z
$
4
:
5
&
*
¢
3
£
z
z
&
)
£
2
ol
3
E
3
g
g
E
Y
g
E

'8 - < .
i v l WA 2
€ exp ‘- a(—.e—)e ) = (1-9) (——E exp (-27). (A-1)
e
E e
To a very good degree of approximation, we can write:
.3
(1-8) { E 2
€ =5 (Q) exp (-a7). (A-2)

For a typical case, where §/(1-6) = 1076, VElVe
10, and a = 6, the difference between (A-2) and an itera-
tion starting with (A-2) and using (A-1) is in the 13th deci-
mal place and € = 2, 3 x 10-7. The parameter b was pro-
grammed as1 + (1 % A)e where A went as 0.01, 0.001,
0.0001, 0,00001, 0.000001, and G (zero). There was very
little difference between the plus- and minus-sign cases,
and the enhancement factor for the minus case went as
2.2x 1010, 2.2 x 1011, 2,2 x 1012, 2.2 x 1013, 2,6 x 1014,
and 9.3 x 1014, respectively. Thus, it can be seen that
this spike 1s indeed very narrow.
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